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INTRODUCTION 

Nanomechanical (NEM) switches use electrostatic forces 
to mechanically deflect an active element into contact 
with an electrode, thus changing the state of the device 
from “off” to “on” state and vice versa. The electrostatic 
force is inversely proportional to the square of the gap; 
which makes the device increasingly effective as the gap 
is reduced. NEM switches are currently being studied as a 
complement to metal-oxide semiconductor field effect 
transistor (MOSFETs) switches. Complementary metal-
oxide semiconductor (CMOS) technology has provided 
increased performance over other available technologies. 
However, as the dimensions of the transistors decrease, 
the leakage current in the “off” state increases, causing 
the static power dissipation to approach the dynamic 
power dissipation. These parasitic losses will soon result 
in a loss greater than 50% of the input power. (1) NEM 
switches have significantly reduced leakage currents, 
which results in reduced power consumption and 
improved ON/OFF ratios and they are relatively 
insensitive to radiation, temperature and external electric 
fields. Integration with MOSFETs would reduce idle 
power consumption of the CMOS circuits. (2) 
 
Ultrananocrystalline diamond (UNCD) thin films, 
developed and patented at Argonne National Laboratory, 
have various interesting properties that make it an 
excellent candidate material for NEM switches. UNCD 
has negligible force of adhesion (stiction), a high Young’s 
modulus, low mass density, can be synthesized at low 
temperatures (CMOS compatible), is commercially viable 
and can become electrically conducting with boron 
doping or nitrogen incorporation. (3,4). 
  
In this work, we demonstrate the fabrication of a UNCD 
nanowire based NEM switch. We aim to fabricate a 
reliable switch with fast switching times and low 
actuation voltages.  
 

EXPERIMENTAL 
We have previously fabricated horizontally aligned N-
incorporated UNCD nanowires via a top-down approach 
using electron beam lithography (EBL) patterning and 
reactive ion etching (RIE) processes with lengths of 50-
100 µm and widths as small as 30nm. Details about this 
process can be found in (5). Our switch design has a 
movable source anchored at both ends. An immobile 
drain electrode is separated from the center of the source 
beam by a narrow gap (80-100nm). Two electrically 

conducting gate electrodes are separated from the source 
by the gate gap, which is larger than the drain gap (6). 
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The performance of a nanomechanical switch for integration with com-
plementary metal-oxide-semiconductor electronics to reduce idle power
consumption is presented. The DC performance shows a leakage current
less than 100 fA, a through current of 10 mA, and ,1 mV/decade
subthreshold slope. The operating voltage of the switch was approxi-
mately 13.2 V. The switch closure was measured at approximately
100 ms, while the switch open was measured at less than 100 ns.
A path forward is presented to reduce the operating voltage of future
switches to 3.7 V and decrease the switching time to 27 ns.

Introduction: Complementary metal-oxide-semiconductor (CMOS)
technology has provided an increased performance of digital logic cir-
cuits over other available technologies. Increased performance,
measured in reduced delay time and reduced operating voltage, resulted
from scaling the physical dimensions of the MOS field effect transistors
(MOSFETs) that comprise CMOS technology. MOSFETs are preferred
for logic applications because MOSFETs can be made physically small
and the complementary n-type and p-type devices allow for near-zero
static power dissipation. Recently, the reduction in physical dimensions
of the MOSFET has led to increased idle power consumption to the
point where it is approximately equivalent to active power consumption
[1]. While device architecture changes (multi-gate and vertical designs)
have been demonstrated to reduce idle power consumption, it remains
the largest hurdle facing future logic circuits [1].

To reduce idle power consumption, we propose to complement
CMOS electronics with mechanical switches, which can operate with
zero idle power consumption. Mechanical structures have been proposed
for inclusion with semiconductor logic since 1967 [2]. Micro-
electromechanical (MEMS) components, including switches, have
been realised using CMOS compatible processing since 1979 [3]. The
physical dimensions of two-terminal MEMS switches have been
reduced to nanometre lengths, comparable to CMOS critical feature
sizes [4]; however, three-terminal metallic contacting switches suitable
for logic applications have not been demonstrated at these length scales.

In this Letter, a metallic nanomechanical switch in a logic configur-
ation to be incorporated into CMOS electronics is described. The
three terminal switch is defined using CMOS compatible processes in
a mechanical layer by a single lithography step. A discussion of the
measured DC I-V characteristics and dynamic response of the switch
along with future plans to improve the performance are presented.

Switch design and fabrication: The switch presented here is a movable
beam (source) anchored at both ends (see Fig. 1). An immobile drain
electrode is separated from the centre of the source beam by a narrow
gap. The two electrically connected gate electrodes are separated from
the source by the gate gap, which is larger than the drain gap. The
source beam is 5 mm long and 100 nm wide, with a drain gap of
30 nm and a gate gap of 50 nm. The difference between the gate and
drain gaps prevent shorting of the source to the gate upon closure of
the source to the drain. The difference in the area between the drain
and source and the gate and source prevents self actuation when the
drain is raised to the pull-in voltage.
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Fig. 1 Schematic of nanomechanical switch showing source, drain, gate and
scanning electron micrograph of switch

The switches were fabricated in a single metallic mechanical layer of
ruthenium (Ru), which has been used as a diffusion barrier in CMOS

processing [5]. The Ru layer was sputtered on top of a sacrificial SiO2

layer and covered with SiO2, which served as a hard mask for reactive
ion etching (RIE). The switches were patterned using a single e-beam
lithography step to produce 30 nm minimum features. In the future,
optical lithography will have the ability to produce features of this
size, eliminating the need for e-beam lithography. The pattern was trans-
ferred from resist to the SiO2 hard mask using RIE and then from the
hard mask into the Ru using RIE. The switches were released using
HF and then super-critical CO2 dried. Using a SiNx barrier to protect
against the HF etch, this fabrication flow could be performed on top
of existing CMOS circuitry.

Switch measurements: The switch was integrated with an on-chip
100 kV drain pull-up resistor to allow testing as an inverter (owing to
low switch yield a push-pull inverter using two switches was not
realised). The DC I-V measurements of the switch were taken using a
HP 4156C parameter analyser. Switches were tested at the die level
on a probe station. Triaxial cables were connected from the analyser
to Kelvin probes, to ensure low noise during measurements. The gate
voltage was swept from 0 to 15 V and back down to 0 V using 50 mV
steps. A potential of 1 V was applied to the drain with a compliance
current of 10 mA. The current from the gate to the source and from
the drain to the source was measured as the gate voltage was swept.
The voltage was then swept through the negative polarity. A second
sweep from 11 to 14 V and back to 11 V in 3 mV steps was performed
to obtain a higher resolution measurement of subthreshold swing.

Time-domain measurements of the switch closure were taken with a
Tektronix TDS 7404B 4 GHz (20GS/s) oscilloscope. The actuation
voltage was applied to the gate using a HP 214B pulse generator. An
active probe was used to measure the voltage at the drain. 1.5 V was
applied through the pull-up resistor to the drain using an AA battery
(low noise) while the source was held at 0 V. The active probe provided
a high impedance buffer capable of driving the 50 V input of the oscillo-
scope while isolating the parasitic capacitance and inductance of the
probe and cables from the switch. The voltage at the active probe was
limited to less than 6 V, so the actuation voltage of the switch (14 V)
could not be used on the drain. Upon closure, the drain voltage is
divided between the on-chip resistor and the switch resistance to
realise an inverting output.
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Fig. 2 DC I-V measurements showing symmetric transfer function, pull-in
voltage of 13.2 V and release voltage of 11.2 V

Also shown is high resolution measurement of subthreshold leakage swing of
greater than 1 mV/decade.

Results and discussion: A plot of the DC I-V measurements (see Fig. 2)
shows a symmetric transfer function around 0 V. As the gate voltage was
increased from zero, the source moved towards the drain. At the pull-in
voltage, the source contacted the drain and current flowed from the drain
to the source. The current was limited to 10 mA to prevent Joule heating
and subsequent failure of the switch, and the noise of the measurement
was approximately 100 fA. As the voltage was decreased, the source
broke contact with the drain at the release voltage. The pull-in and
release voltages for both polarities were measured to be symmetric
and approximately equal to 13.2 and 11.2 V, respectively. The character-
istics are symmetric because the electrostatic force from the gate to the
source varies as the square of the gate voltage, generating a positive
force for both polarities. Upon pull-in, the current increased slowly
due to surface mating and contamination. The current decreased abruptly
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Figure 1: NEM switch design 

 
RESULTS 

We have successfully fabricated a UNCD nanowire based 
NEM switch using top-down approach. For maximum 
integration potential with CMOS technology, NEM 
switches need switching times comparable to FETs and 
the potential to operate at similar voltages (~1V). To 
achieve this, it is necessary to have small width, high 
aspect ratio wires (smaller gaps make the switch more 
effective, i.e. operation at lower potentials). We are 
currently working with the scale down of our switch to 
achieve the desired operating parameters.  
 

 
Figure 2: NEM switch SEM Image (Scale: 100nm) 
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